The gram-positive bacterium Streptomyces noursei ATCC 11455 produces a complex mixture of polyene macrolides generally termed nystatins. Although the structures for nystatins A 1 and A 3 have been reported, the identities of other components of the nystatin complex remain obscure. Analyses of the culture extract from the S. noursei wild type revealed the presence of several nystatin-related compounds for which chemical structures could be suggested on the basis of their molecular weights, their UV spectra, and knowledge of the nystatin biosynthetic pathway. Nuclear magnetic resonance (NMR) studies with one of these polyene macrolides identified it as a nystatin analogue containing a mycarose moiety at C-35. A similar investigation was performed with the culture extract of the ERD44 mutant, which has a genetically altered polyketide synthase (PKS) NysC and which was previously shown to produce a heptaene nystatin analogue. The latter compound, tentatively named S44HP, and its derivative, which contains two deoxysugar moieties, were purified; and their structures were confirmed by NMR analysis. Nystatin analogues with an expanded macrolactone ring were also observed in the extract of the ERD44 mutant, suggesting that the altered PKS can "stutter" during the polyketide chain assembly. These data provide new insights into the biosynthesis of polyene macrolide antibiotics and the functionalities of PKSs and post-PKS modification enzymes.
Glycosylated polyene macrolides are very efficient antifungal agents widely used for the treatment of both topical and invasive fungal infections in humans (50) . The main advantages of polyene macrolides over other antifungal drugs, such as azoles and flucytosines, are their fungicidal actions and the extremely low incidence of resistant pathogens. The fungicidal actions of polyene macrolide antibiotics are strictly dependent on the presence of sterols in the membranes of the sensitive cells (8) . The selective action of these types of antibiotics is based on their higher affinities to the ergosterol present in fungal membranes compared to that of cholesterol, the structural component of mammalian cell membranes. The mode of action of glycosylated polyene macrolides is based on their ability to interact with sterols and to form channels that perforate the membrane, which allows the leakage of ions and other small molecules out of the cell, ultimately resulting in cell death (9) . It is presumed that conjugated double bonds present on the macrolactone rings of these molecules (hence the term polyene) are responsible for antibiotic-sterol interactions. Unfortunately, the relatively high toxicities of polyene antibiotics for the mammalian cells and the poor distributions of these compounds in tissues due to low water solubility limit their usefulness for antifungal therapy. Novel polyene antibiotic analogues with reduced toxicities and increased water solubilities might help circumvent these problems.
Modification of the antibiotic structure through engineering of its biosynthetic genes is a promising strategy for the production of novel pharmaceuticals (28) . The gene cluster from the gram-positive bacterium Streptomyces noursei ATCC 11455 that governs the biosynthesis of the polyene macrolide antibiotic nystatin has recently been cloned and analyzed (13) . Six polyketide synthase (PKS) proteins were implicated in the assembly of the 38-membered nystatin macrolactone ring, while other proteins were apparently required for post-PKS modification of the nystatin aglycone (Fig. 1) . The modular PKS proteins NysA, NysB, NysC, NysI, NysJ, and NysK perform a decarboxylative condensation of the carboxylic acids to form a polyketide chain, which is then released from the PKS and cyclized via the action of a thioesterase domain. In addition, modules in the PKS contain enzymatic domains with reductive activities which modify the polyketide chain during synthesis. The macrolactone ring of nystatin assembled by the PKS is then further modified via the actions of monooxygenases NysN and NysL and a glycosyltransferase, NysDI. The formidable complexity of the biosynthetic machinery involved in nystatin synthesis suggests that this system might be error prone and, thus, might eventually produce many nystatin-related molecules. It is well known that the polyene macrolide producers simultaneously synthesize several structurally related compounds (33) . Indeed, preliminary analysis of the culture extracts from S. noursei revealed the presence of related polyene macrolides, with nystatin A 1 (see Fig. 4A ) being the major component. Although the nystatin molecule has two sets of conjugated double bonds (2 ϩ 4) on its macrolactone ring, it is classified as a tetraene (33) . Recently, the nystatin PKS NysC was genetically manipulated, which resulted in the synthesis of novel nystatin analogues (14) . One of the mutants, ERD44, was shown to produce a heptaene nystatin analogue in small quantities.
In the present study, we have identified several nystatinrelated polyene macrolides that are produced by wild-type S. noursei using liquid chromatography with diode array peak detection coupled with mass spectrometry (LC-MS). In addition, major fractions of polyene macrolides produced by the ERD44 recombinant strain with a mutated NysC PKS have been identified and characterized. Several newly identified compounds produced by the wild-type strain and strain ERD44 have been purified and subjected to nuclear magnetic resonance (NMR) structural studies and bioactivity testing.
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. noursei strains ATCC 11455 and ERD44 (14) were maintained on ISP2 agar medium (Difco, Detroit, Mich.). Liquid cultures were grown in 500-ml shake flasks with 100 ml of semidefined SAO-23 medium (41) at 28°C for 5 days. For the large-scale production of polyene macrolides, cultures were grown in the 3-liter fermentors essentially as described previously (41) . The polyene macrolides produced have low water solubilities, and the major fraction of the polyenes is therefore precipitated in the culture medium at the end of the fermentation. After 5 days of cultivation the culture was centrifuged in aliquots. The pellet containing bacterial cells, undissolved medium components, and polyenes was frozen (Ϫ20°C) until extraction with methanol (MeOH), and analyses were then performed.
LC-MS analysis and purification of polyene macrolides. Analytical LC-MS analysis of the S. noursei wild-type and recombinant strains was performed on an Agilent 1100 high-pressure liquid chromatograph connected to an Agilent mass selective detector (MSD) time of flight (TOF) mass spectrometer system with electrospray ionization in the positive mode. Automatic calibration of the mass axis was performed by continuous infusion of Agilent electrospray (ES)-TOF tuning through a second nebulizer needle in the ion source. A Waters NovaPak C 18 column (dimensions, 150 by 2.1 mm) was used for high-pressure liquid chromatography (HPLC), and the flow rate was 300 l/min. The mobile phase consisted of 10 mM ammonium acetate (pH 4.0) and acetonitrile (ACN). For analysis of the extract from the wild type, the ACN concentration was increased linearly from 37 to 60% for the first 10 min and was then kept at a concentration of 60% for the rest of the run. The strain ERD44 extract was run with a linear gradient from 40 to 70% ACN in 10 mM ammonium acetate (pH 4.0) for the first 10 min, and the concentration was then kept at 70% for the rest of the run. A nystatin A 1 standard (Sigma, St. Louis, Mo.) was used as a reference compound in all HPLC and LC-MS experiments.
For preparative isolation of the polyene macrolides, the macrolides were extracted from the cell pellets with 10 ml of MeOH per 2 g of cell pellet, and the samples were run on a preparative Agilent 1100 system with an online diode array detector (DAD)-Agilent MSD Trap mass spectrometer monitoring with flow split to the MSD and a fraction collector. A preparative Waters NovaPak C 18 column (300 by 9 mm) run isocratically at 30°C with a flow rate of 8 ml/min and a 1-ml injection volume was used. The mobile phase consisted of 0. The collected fractions were pooled, and an aliquot was always reanalyzed by analytical LC-MS for determination of the purity of the isolated compound. Purity was calculated by comparing areas of UV peaks (309 nm for tetraenes, 392 for heptaenes, and 418 for octaenes). Concentrations were determined by using the experimentally determined extinction coefficients and comparing them with that for the nystatin A 1 standard. The purities were Ͼ97% for all purified compounds. The rest of the sample was dried with a Speed-Vac centrifuge after the mobile phase was exchanged for a water-MeOH mixture (10 to 90%) by solid-phase extraction (Oasis HLB SPE kit; Waters). The dried samples were kept in the dark at Ϫ20°C until NMR and bioactivity testing.
NMR experiments. Samples of 1 to 2 mM for NMR were obtained by dissolving S44HP and NYST1068 in dimethyl sulfoxide (DMSO)-d 6 Homonuclear two-dimensional experiments by double-quantum filtered correlation spectroscopy (DQF-COSY) (38) , total correlation spectroscopy (TOCSY), Hartmann-Hann spectroscopy (12, 22) , and rotating Overhauser effect (ROE) spectroscopy (5, 11) were recorded with a 1.5-s recovery delay in the phase-sensitive mode by the States-TPPI (time proportional phase incrementation) method (30) with 512 (t 1 ) ϫ 1,024 (t 2 ) complex datum points (where t 1 and t 2 are the indirect and direct dimension, respectively). They were recorded at 32 scans per increment and spectral widths of 4,500 Hz in both dimensions. A mixing time of 80 ms was used for the TOCSY experiments, and a mixing time of 250 ms was used for ROE spectroscopy. Spectra were processed with GIFA (version 4) software (36) . After zero filling in the t 1 dimension, the data were apodized with shifted sine-bell and Gaussian window functions in both dimensions to obtain a final matrix of 1,024 (F 1 ) ϫ 1,024 (F 2 ) real datum points (where F 1 and F 2 are the phased indirect dimension and the phased direct dimension, respectively. Chemical shifts were referenced relative to the solvent chemical shifts ( 1 H ϭ 2.49 ppm for DMSO and 3.31 ppm for MeOH). 1 H- 13 C heteronuclear two-dimensional spectra were obtained by 13 C-heteronuclear multiple bound connectivity spectroscopy (HMBC) (6) and phase-sensitive 13 C-heteronuclear single-quantum coherence spectroscopy (HSQC) (7), recorded by the echo-antiecho method (3). The coherence pathway selection was achieved by applying pulsed-field gradients as coherence filters (18, 35) . Spectra were typically collected with 128 (t 1 , 13 C) and 1,024 (t 2 , 1 H) complex points and 360 scans per t 1 increment. Spectral widths were 17,605 Hz in F 1 and 4,496 Hz in F 2 , with carrier frequencies at 70 and 3.5 ppm, respectively. The data were processed with PIPP software (24) . They were apodized with shifted square sine-bell window and Gaussian functions in the F 1 and F 2 dimensions, respectively, after linear prediction and zero filling in the t 1 dimension to obtain a final matrix of 512 (F 1 ) ϫ 1,024 (F 2 ) real datum points.
Bioassay. The test organism used for the polyene macrolide bioactivity assays was Candida albicans ATCC 10231, grown in 120 l of standard M19 medium without NaCl (with an inoculum of 1,000 CFU per well) and 30 l of diluted polyene macrolide samples. The antibiotics were diluted in MeOH in series to ensure that concentrations yielded from complete growth inhibition to no growth inhibition of the test organism. The test organism cultures with antibiotic dilutions were then incubated in 96-well microtiter plates at 30°C without shaking; and after 12, 14, and 16 h, growth was measured as the optical density at 490 nm on a SpectraMax Plus microtiter plate reader. The optical density was plotted against the antibiotic concentration, and the MIC at which 50% of isolates are inhibited (MIC 50 ) was estimated from the regression curve at 50% growth inhibition.
RESULTS
Nystatin-related polyene macrolides produced by wild-type S. noursei. According to the literature, S. noursei ATCC 11455 produces a complex mixture of polyene macrolides containing nystatins A 1 , A 2 , and A 3 , which were assumed to be structurally related (21, 32, 33) . The chemical structures of nystatins A 1 and A 3 have been solved (21, 37, 49) , while no structural or mass spectrometry data on nystatin A 2 could be unraveled. In order to gain a better insight into the process of nystatin biosynthesis, we have attempted to identify the major polyene components produced by S. noursei during fermentation.
Polyene macrolides exhibit characteristic three-peak UV spectra, with max being a function of the number of conjugated double bonds (33) . Diode-array (DAD) HPLC analysis of the culture extract after fermentation under controlled conditions (see Materials and Methods) revealed the presence of several tetraene ( ϭ 280 to 320) and heptaene ( ϭ 370 to 410) compounds with different retention times ( Fig. 2A) . In order to test whether all these compounds were synthesized by the actions of the nystatin biosynthetic enzymes, similar metabolite profiling was performed for strain NDA59, which contains a deletion that affects the PKS loading module NysA, which is required for the initiation of nystatin biosynthesis (15) . No polyene macrolides could be detected in the extract of mutant NDA59 (data not shown), implying that all the compounds detected in the extract from the wild-type strain with UV spectra characteristic of polyenes (33) are related to nystatin.
Once that we were convinced of the common origin of the detectable polyene compounds produced by the wild-type S. noursei strain, we set up analyses with combined diode array and MS detection to determine their molecular weights (MWs) in order to assign chemical structures to these polyene macrolides. Apparently, nystatin A 1 (MW ϭ 926.5112) represented the major component in the polyene mixture produced by the wild-type strain. The errors in the proposed MWs of the compounds (in parts per million) are given in parentheses in Fig. 2 . An error of 1 ppm represents uncertainty in the third decimal for the MWs of compounds at about 1,000. The accurate atomic mass of the monoisotopic nystatin A 1 peak is 925.5035, and the MW of the (MϩH) ϩ ion is 926.5113. The error was only Ϫ0.14 ppm, underlining the very high degree of accuracy of the MW determination in our analysis. In this case, of all C, H, N, and O combinations, the nystatin (MϩH) ϩ formula (C 47 H 76 NO 17 ) had the closest hit to the experimentally determined value when it was tested with Analyst mass calculator software. Interestingly, under the fermentation conditions without pH control (batch fermentation), we have observed the accumulation of two nystatin-related macrolides that had MWs of 926.5112 but that showed different HPLC retention times ( Fig. 2A) . It seems possible that the second compound represents the isomeric form of nystatin previously observed by Ostrosky-Zeichner et al. (34) , the appearance of which depends on the pH. This putative isomeric form of nystatin, which represented the second-largest peak, was eluted from the HPLC column almost simultaneously with the nystatin analogue with an MW of 910.5173. We suggest that the latter analogue represents 10-deoxy nystatin, which accumulates due to the eventual failure of P450 monooxygenase NysL to perform hydroxylation. C-10 is the only position where a hydroxyl group is assumed to be added by a separate modifying protein rather than originates during macrolactone synthesis.
The third major tetraene component detected in the extract had an MW of 1,070.5890. The structural identity of this nystatin analogue, named NYST1070, could not be proposed on the basis of the nystatin biosynthetic pathway, prompting us to purify this compound for NMR analysis (see below).
A considerable amount of a polyene compound with an MW of 787.4241 was detected in the extract. The molecular mass of this nystatin analogue corresponded to the sodium adduct ion of the nystatin molecule lacking both the C-10 hydroxyl group and the C-19-linked mycosamine moiety. The mobility of the latter compound during HPLC was strongly affected by the pH of the eluent (data not shown), presumably due to the presence of only one ionizable group (COO Ϫ at C-16) instead of the two ionizable groups normally present on the glycosylated molecule (NH 3 ϩ on the mycosamine moiety and COO Ϫ at C-16). Apparently, this compound accumulated due to the failure of the glycosyltransferase NysDI and monooxygenase NysL to modify this precursor.
A tetraene with an MW of 1,053.5944 was detected as a relatively minor fraction in the culture extract ( Fig. 2A) . The MW of this compound suggests that this polyene macrolide represents deoxy NYST1070, an analogue of NYST1070 without a hydroxyl group at C-10. We have observed that fermentation conditions can significantly affect the production of this polyene macrolide, sometimes making it one of the major components (data not shown). No major polyene macrolide fraction with an MW of 1,056.5743, which would correspond to nystatin A 3 , was identified in the extract of wild-type S. noursei, suggesting that synthesis and accumulation of this component might depend on the growth conditions. A peak for a tetraene with an MW of 1,056.5733 was identified in the shoulder of the large nystatin A 1 peak at a 12-min retention time. The intensity of this ion was 10 4 lower than that for the nystatin A 1 peak. This peak probably represents nystatin A 3 since the error from the MW of the latter was only Ϫ0.96 ppm. However, this assignment and postulation of the presence of nystatin A 3 remain uncertain since we were not able to completely separate this peak.
Several heptaene compounds were detected in the culture extract of the wild-type strain, and the MWs for two of them were identified (Fig. 2A) . One compound, with an MW of 924.9460, corresponded to the fully post-PKS-modified nystatin analogue with a double bond between C-28 and C-29. Most likely, this analogue is produced as a result of a failure of the enoyl reductase in module 5 of the NysC PKS to perform the reduction. The second heptaene identified had an MW of 1,068.5728, which would correspond to the heptaene nystatin analogue NYST1070 with a C-28-C-29 double bond . We have purified this compound, named NYST1068, for structural analysis, which confirmed the identity of this metabolite (see below).
Mutant ERD44 produces tetraene, heptaene, and octaene nystatin analogues. S. noursei ERD44 was constructed previously in an attempt to create a producer of a heptaene nystatin analogue by inactivating the enoyl reductase domain in module 5 of NysC PKS (14) . However, presumably due to the rather large deletion introduced into the NysC PKS, the overall functionality of the resulting PKS, NysC-44, was affected, leading to severely reduced levels of polyene production. Several peaks corresponding to the polyene macrolides were identified upon analysis of the ERD44 culture extract by DAD-HPLC and LC-MS (Fig. 2B) . It should be noted that a different solvent system was used in this case in order to achieve better separation (see Materials and Methods), and therefore, the retention times of the compounds from the extracts of the wild-type strain and ERD44 cannot be compared. However, chromatographic peaks with equal MWs and UV spectra presumably represent the same compounds.
Two tetraene macrolides in the extract from the ERD44 culture were identified as having MWs of 740.3841 and 748.3669, respectively (Fig. 2B) . Minor amounts of these compounds were also found in the extract of the wild-type strain (MWs, 748.3673 and 740.3856) (Fig. 2A) . We were not able to correlate these masses to components of the nystatin biosynthesis pathway or to isolate these compounds by preparative HLPC for NMR analysis. The ERD44 extract did not contain a peak at 926.5112 Ϯ 200 ppm, strongly suggesting that the ERD44 mutant does not produce nystatin A 1 .
The MWs of three major heptaene macrolides produced by ERD44 were determined. Two of them, with MWs of 924.4948 and 1,068.5705, respectively, represented the heptaene macrolides produced by the wild-type strain as minor components. The heptaene macrolide with an MW of 924.4948, named S44HP, has been purified, and its identity as a nystatin analogue with a C-28-C-29 double bond was confirmed by NMR (see below). The third heptaene, which had an MW of 1,052.5746, presumably represents the NYST1068 analogue lacking the C-10 hydroxyl group. Surprisingly, a relatively large portion of the polyene macrolides produced by ERD44 was represented by octaenes. Compounds with UV spectra characteristic of octaenes ( ϭ 390 to 430) and MWs of 950.5102, 1,078.5930, and 1,094.5911 were identified (Fig. 2B) . The latter suggested the incorporation of an additional acetate extender into the macrolactone ring of nystatin, followed by a round of reduction by ketoreductase and dehydratase domains, which result in the addition of a component with an MW of ca. 26.02 (C 2 H 2 ), which adds to the MWs of the compounds. It seems likely that the octaene analogue with an MW of 950.5102 is a completely modified nystatin derivative with an expanded macrolactone ring which is produced by ERD44 due to the "stuttering" of the PKS NysC-44, similar to those described for the erythromycin PKS (47) and the aureothin PKS (27) . The polyene macrolide with an MW of 1,094.5911 corresponds to the NYST1070 analogue with an expanded macrolactone ring, while the compound with an MW of 1,078.5930 is presumably a precursor of the latter that lacks the C-10 hydroxyl. resonances of S44HP in DMSO-d 6 was performed by using methods previously applied to nystatin A 1 (29, 45) . The NMR spectra were very similar to those of nystatin A 1 in DMSO-d 6 (data not shown) (29) except for the C-26-C-30 fragment, whose signals overlapped with those of the ethylenes C-23-C-25 (Table 1) . This is therefore consistent with a nystatin A 1 structure (see Fig. 4A ), including the stereostructure of the chiral carbons, for which the C-28-C-29 saturated carbons that separate the diene and tetraene would be dehydrogenated, resulting in a heptaenic structure with an MW of 924, as confirmed by mass spectrometry. The loss of those two hydrogens was clearly demonstrated by the disappearance of the 27-H/ 28-H and 29-H/30-H correlation peaks from the ethylene/ methylene (6 to 6.5 ppm/2 to 2.5 ppm) region of the DQF-COSY (Fig. 3) or TOCSY spectra. Overlapping of the 28-H and 29-H signals hampered the observation of any 3 J coupling constant or ROE spectroscopy correlation that could have assessed the Z or E configuration of the C-28-C-29 double bond. However, analysis of the UV-visible spectrum indicates an E configuration, leading therefore to an all-trans set of seven conjugated double bonds (Fig. 4D) .
Some exchangeable protons were also observed. They could be easily identified, as they tended to disappear upon presaturation of the residual water signal or addition of a small amount of D 2 O. They were unambiguously assigned to 3-OH, 5-OH, 7-OH, 10-OH, 11-OH, 13-OH, 35-OH, and 4Ј-OH protons (Table 1) thanks to the correlation peaks with the proton attached to the same carbon observed in the spectra obtained by DQF-COSY (Fig. 3) , TOCSY, and ROE spectroscopy.
(ii) NYST1068. NYST1068 was studied as described above in DMSO-d 6 at 25°C. The NMR spectra of NYST1068 exhibited features very similar to those of S44HP, with chemical shifts variations within Ϯ0.1 ppm for 1 H and Ϯ1 ppm for 13 C for most resonances of the aglycone and the mycosamine (Table 1 ; Fig. 5 ).
1 H chemical shift variations larger than 0.1 ppm were observed only for 34-H, 35-H, 36-H, and 37-H, while the C-34, C-35, C-36, and C-37 13 C chemical shifts could not be determined due to the absence of a correlation peak in the spectrum obtained by 13 C-HSQC. Exchangeable proton resonances of 3-OH, 5-OH, 7-OH, 10-OH, 11-OH, 13-OH, 15-OH, 2Ј-OH, 4Ј-OH, and 3Ј-NH 2 (Table 1 ) could be identified in the twodimensional homonuclear spectra. The only missing hydroxyl proton was 35-OH, which was clearly observed in the S44HP spectra. These findings indicate that NYST1068 conserves the S44HP aglycone stereostructure with the mycosamine at C-19 and is likely to be glycosylated at 35-OH by a second sugar moiety that gives an extra MW of 144, according to mass spectroscopy data.
Two additional spin systems were indeed observed in the spectra obtained by TOCSY and COSY for the NYST1068 compound. The first spin system consisted of three protons, a CH proton, a 1 ( 1 H ϭ 4.75 ppm; 13 C ϭ 100.8 ppm), coupled to two CH 2 geminal protons, a 2 and a 3 ( 1 H ϭ 1.93, 1.72 ppm; 13 C ϭ 43.1 ppm), as inferred from the spectra obtained by 13 C-HSQC and their coupling constant of 14 Hz. The second spin system contained one CH proton, b 1 ( 1 H ϭ 3.81 ppm; 13 C ϭ 67.0 ppm), coupled both to a methyl group, b 2 ( 1 H ϭ 1.13 ppm; 13 C ϭ 19.6 ppm), and to a CH proton, b 3 ( 1 H ϭ 2.83 ppm; 13 C ϭ 78.0 ppm), which was itself coupled to an exchangeable proton, b 4 ( 1 H ϭ 4.43 ppm). Two additional signals, one methyl, d ( 1 H ϭ 1.11 ppm; 13 C ϭ 28.3 ppm), and one exchangeable proton, e ( 1 H ϭ 3.65 ppm), which did not belong to any spin systems were observed. The 13 C-HMBC experiment, which correlated 1 H and 13 C separated by two or more bonds, showed that the two spin systems, a and b, could be linked by a quaternary carbon, c ( 13 C ϭ 72.0 ppm), and that d was correlated to all of them. Together with the spectrum obtained by ROE spectroscopy that particularly enabled the correlation of e to d, the following sugar moiety was established (Fig. 6) : the anomeric proton 1Љ (a 1 ) is covalently linked to a 2Љ-CH 2 (a 2 and a 3 ), followed by a quaternary carbon 3Љ (c) replaced by a methyl 3Љ-CH 3 (d) and a substituent bearing the exchangeable proton e. Then, 4Љ-CH (b 3 ), which bears the exchangeable proton b 4 , is linked to 5Љ-CH (b 1 ), which itself is replaced by 6Љ-CH 3 (b 2 ). The 1 H and 13 C chemical shifts, as well as the MW determined by mass spectrometry, enabled identification of the exchangeable protons as hydroxyl protons for the 3Љ-OH (e) and 4dЈ-OH (b 4 ) substituents.
Relative configurations were provided by analysis of the peaks obtained by ROE spectroscopy and the coupling constants. The coupling constant of 8.4 Hz observed between 4Љ-CH and 5Љ-CH indicated an axial-axial configuration. The 4Љ-CH/3Љ-CH 3 peak obtained by ROE spectroscopy therefore suggested that 3Љ-CH 3 is in an equatorial position. Thus, the second sugar was finally identified as mycarose (2,6-dideoxy-3-C-methyl-ribohexopyranose) (Fig. 6) , which was confirmed by the good agreement of our NMR data with the data in the literature (26, 39, 42 ). An ␣ configuration for the glycosidic bond was suggested by the weak coupling of 4 Hz observed between the 1Љ-CH and 2Љ-CH ax (where ax indicates a pseudo- axial orientation) protons and by the absence of correlations with 3Љ-OH or 5Љ-CH by ROE spectroscopy. Nevertheless, the question of whether it was an L-or a D-mycarose could not be answered directly. A nondecoupled experiment by 13 C-HSQC provided an approximate value of 160 Hz for the 1Љ 1 J C,H coupling constant, which is more consistent with an L configuration than with a D configuration, given the ␣-type glycosylic linkage (23) . However, this remains to be confirmed, possibly by modeling of the NYST1068 structure by ROE spectroscopy between mycarose and the aglycone, which is in progress.
Several correlations between the sugar and the aglycone were indeed observed by ROE spectroscopy: 1Љ-CH/35-H, 1Љ-CH/34-CH 3 , 3Љ-OH/36-H, 3Љ-OH/36-CH 3 , 5Љ-H/36-CH 3 , and 5Љ-H/37-CH 3 . This perfectly correlates with the absence of the 35-OH proton from the NMR spectra and with the chemical shift variations relative to the spectrum of S44HP observed around C-35 (Fig. 5) , confirming that the mycarose is attached at the 35-OH (Fig. 4E) . The absence of C-34-C-37 in the 13 C-HSQC could be due to signal broadening arising from conformational exchange at this glycosylation site.
(iii) NYST1070. NYST1070 in MeOH-d 4 was studied similarly by NMR. All 1 H and 13 C chemical shifts were assigned (Table 1 ) and compared to the spectrum of nystatin A 1 in the same solvent (45) . As was the case for NYST1068 compared to S44HP, the only significant spectral changes were 1 H and 13 C chemical shift variations in the C-34-C-37 region (data not shown). C-34-C-37 CH signals were broad but were observable in the 13 C-HSQC peaks, which allowed the assignment of the 13 C chemical shifts that were missing in NYST1068. The largest variations were for C-35 CH 1 H (0.37 ppm) and 13 C (6.7 ppm).
Spectral analysis also revealed the presence of a second sugar moiety that displayed the same NMR features as NYST1068, apart from the exchangeable hydroxyl protons that were not observable. Thus, NYST1070 was proved to have the nystatin A 1 structure with an additional glycosylation by mycarose at 35-OH (Fig. 4B) , which precisely corresponds to the MW of 1,070.5890 determined by MS.
Antifungal activities of newly identified polyene macrolides. The test for activity against C. albicans was performed with the following polyene macrolides: S44HP (28,29-didehydro nystatin), NYST1068 (28,29-didehydro 35-mycarosyl nystatin), NYST1070 (35-mycarosyl nystatin), and MW 950.5102 (octaene analogue with an expanded macrolactone ring). The data obtained in this experiment (Table 2) showed that the antifungal activities of S44HP, NYST1068, and the octaene nystatin analogue are superior to that of nystatin.
DISCUSSION
The PKSs involved in the biosynthesis of polyene macrolides are one of the most complex molecular machines responsible for the assembly of secondary metabolites in bacteria. Indeed, PKSs that provide close to 90 enzymatic activities for the synthesis of such polyene macrolides as nystatin and amphotericin B have been described (1, 13, 17) . The complexity of the system for the biosynthesis of glycosylated polyene macrolides is further exemplified by post-PKS modifications, such as oxidation, glycosylation, epoxidation, and hydroxylation, which further increase the potential for chemical diversity (2) . It is thus not surprising that bacteria producing polyene macrolides were reported to synthesize a complex mixture of related compounds (33) . Recent analysis of the recombinant strains of S. nodosus, the producer of the amphotericin B complex, revealed that the chemical diversity of polyenes can be further increased by genetic manipulation targeted to post-PKS modification steps in producer strains (16) . In the present study we have attempted to assess the diversity of the nystatin-related polyene macrolides produced by both wild-type S. noursei and its mutant with an altered PKS. We have been able to determine the accurate MWs of at least eight nystatin-related polyene macrolides produced by the wild-type strain. The latter data, together with the knowledge of the nystatin biosynthetic pathway, allowed us to predict the structural identities of these metabolites. As reported earlier (14) , a heptaene macrolide with an MW of 924.4960, which corresponds to the nystatin analogue with a C-28-C-29 double bond, was identified. It seems plausible that such an analogue is produced due to the malfunction of the enoyl reductase domain in module 5 of the nystatin PKS, the situation reminiscent of that in S. nodosus, which produces a mixture of amphotericin A (tetraene) and amphotericin B (heptaene) (17) . One of the major components in the nystatin complex, NYST1070, for which no structural data have been available so far, was purified and analyzed by NMR.
The molecular structure of NYST1070 has been elucidated (Fig. 4B) . From our NMR data, the stereostructure of nystatin A 1 is conserved in NYST1070 and, presumably, in nystatin A 3 . However, both NYST1070 and A 3 (49) are additionally glycosylated by a 2,6-dideoxy sugar at C-35 on the side opposite that of the D-mycosamine attached at C-19 ( Fig. 4B and C) . The extra sugar is either L-mycarose or L-digitoxose (49) for NYST1070 and nystatin A 3 , respectively. Interestingly, these two 2,6-dideoxy sugars differ only by the absence of a methyl substituent at 3Љ in digitoxose. This, as well as our failure to identify considerable amounts of nystatin A 3 in the extract from the wild-type strain, suggests that the latter metabolite might accumulate due to the failure of a specific 3-C-methyltransferase to modify the digitoxose moiety. Apparently, this was not the case for the cultures grown under the conditions used in this study.
The presence of a mycarose moiety on the polyene macrolides has never been described before, at least to our knowledge. However, L-or D-mycarose has been found in other polyketide antibiotic molecules with antibacterial activities, such as mithramycin A (25, 48) , tylosin (4), and platenolide glycosides isolated from S. hygroscopicus (26) . Studies of erythromycin A biosynthesis also showed the presence of L-mycarose in some intermediates (erythromycins C and D), which is later converted to L-cladinose (44) . Biosynthesis of mycarose has been investigated in detail for erythromycin (40, 44) , mithramycin (25) , and tylosin (4, 19) . Biosynthetic pathways to mycarose were proposed, and the genes involved in the various steps were identified in gene clusters, particularly (S)-adenosylmethionine-dependent 3-C-methyltransferases for tylosin (tylCIII) (20) and erythromycin (eryBIII) (40) . Genes for the biosynthesis of L-digitoxose, a sugar moiety of jadomycin B produced by S. venezuelae (46) , showed similarities with those involved in mycarose biosynthesis in the erythromycin, mithramycin, and tylosin pathways. It thus seems likely that in S. noursei mycarose biosynthesis and digitoxose biosynthesis share common steps and digitoxose may be a shunt product of mycarose synthesis, as has been suggested for platenolide glycosides that are glycosylated with either ␣-L-mycarose or ␤-Ldigitoxose (26) . It remains unclear which glycosyltransferase is responsible for the appearance of the mycarose moiety on the NYST1070 molecule. This question will be answered, at least The ERD44 mutant of S. noursei, which contained a deletion affecting the enoyl reductase domain in module 5 of the PKS NysC, was also shown to produce a complex mixture of nystatin-related polyene macrolides. We were able to identify six nystatin analogues produced by this mutant. As expected, the heptaene analogue S44HP was one of the major polyene products produced by this mutant. Remarkably, ERD44 also produced other polyene macrolides that apparently contained four and eight conjugated double bonds.
The structures of two nystatin analogues produced by mutant ERD44 have been determined. Apparently, in S44HP and NYST1068 the C-28-C-29 double bond appears to be due to the absence of enoyl reduction after the fifth condensation step in the nystatin polyketide chain assembly, which leads to heptaenic versions of nystatin A 1 and NYST1070, respectively. This is parallel to the case for amphotericin B (31), which is the heptaenic version of amphotericin A (43) . Amphotericin A is coproduced with amphotericin B and differs from nystatin A 1 only by the positions of two hydroxyl groups in the polyol region.
Our analysis of an array of the polyene macrolides synthesized by S. noursei by using the nystatin biosynthetic apparatus highlights the potential of polyene producers in terms of making structurally related but diverse metabolites with significantly different antimicrobial activities. In addition, this information provides new insights into the functionalities of PKSs that can be used for rational metabolic engineering aimed at the efficient synthesis of certain nystatin analogues. The new polyene macrolides discovered during this study, especially those with high levels of antifungal activity, might be useful for the generation of novel anti-infective agents for human therapy.
